DFO to complex with Fe(III) by adding 0.5 mL of 100 µM Fe(III)(NO 3 ) 3 solution to 0.5 mL of the supernatant. The concentration of the Fe(III)-DFO complex was determined by HPLC (WATERS, alliance 2695) using an Xterra C 18 column (WATERS) with the mobile phase of a mixture of 0.2% (w/v) formic acid and 7.5% (v/v) methanol. For ESI-MS detection, the single-ion recording (SIR) mode was used for Fe(III)(HDFO) + ion at m/z = 614.3 by using mass spectrometer ZQ2000 (WATERS). Adsorption of 20 µM Pu(IV) on P. fluorescens cells in the presence of an excess DFO concentration (200 and 2000 µM) was also done.
2.4. Potentiometric titration. The surface of P. fluorescens and B. subtilis cells was characterized with regard to the site density of the cell surface by means of potentiometric titration. Bacterial cell suspensions containing 3.0 g dry weight L −1 P. fluorescens cells or 3.3 g dry weight L −1 B. subtilis cells in 50 mL of a 0.1 M NaCl solution were titrated by stepwise addition of 0.01 mL of 0.1 M HCl or carbonate-free 0.1 M NaOH at 3 minutes intervals in an Ar atmosphere at room temperature.
Proton dissociation from the cell surface can be described by the following eq 1
where L − is the amount of proton binding sites on the cell surface. The net surface charge excess expression for a given amount of cells is equal to the difference between the total base added and the equilibrium H + and OH − ion concentration at any given point of the titration curve calculated by eq 2,
where w is the dry weight of the bacterial cells per liter (g L −1 ); C a and C b are concentrations (M L −1 ) of the added acid and base, respectively; and [H + ] and [OH − ] are the concentrations of H + and OH − (M L −1 ) calculated from the pH measured. The concentration of proton binding sites (L T ) on the cell surface can be described by the following mass action eq 3
where K a is the acidity constant of proton binding sites. The concentrations of proton binding sites and their pK a values were calculated using the computer program FITEQL 4.0. 15 We adopted a three-site model, which has been widely used for characterization of the bacterial cell surface. 16, 17 2.5. Speciation of Fe(III) and Th(IV) in DFO system. Speciation of Fe(III) and Th(IV) in DFO ligand was calculated at pH 3 -9. Protonation and deprotonation constants of the Fe(III)-and Th(IV)-DFO complexes were used from literatures. 18, 19 Hydrolysis of Fe(III) and Th(IV) is quite strong in aqueous solution. Metal hydroxide species Th(H −1 DFO), hydroxylated species of the Th(IV)-DFO complex, was considered in the calculation. However, hydrolysis of Fe(III)-DFO complex was not considered in the calculation because we did not found any thermodynamic data of the hydrolysis of the complex. Table 1 Calculated weighted sum of squares divided by degrees of freedom (WSOS/DF) values, which can be used as an indicator of the reliability of fitting of potentiometric titration curve drawn by FITEQL, for P. fluorescens and B. subtilis were 1.0 and 0.7, respectively. Fitting procedures with a WSOS/DF smaller than 20 can be considered to be reliable. 15 pK a values showed that these species had acidic (4.6 -4.8), neutral (6.8-7.1), and basic (10.4-10.5) functional groups. Concentrations of these proton binding sites on these two species were almost comparable to each other. Figure 4 shows calculated speciation of the Fe(III)-and Th(IV)-DFO complex at pH 3-9. The predominant species of the Fe(III)-DFO complex at pH 3 -8 is Fe(III)(HDFO) + and fraction of protonated Fe(III)(H 2 DFO) 2+ is negligible ( Figure   4a ). The predominant Th(IV)-DFO complex species at pH 3 -7 is Th(IV)(HDFO) 2+ (Figure 4b ). Above pH 7.8, more than 50% of the Th(IV)-DFO complex is present as Th(IV)(DFO) + . Five percent of the Th(IV)-DFO complex is present as metal hydroxide species, Th(H −1 DFO), at pH 9. At acidic pH, Th(IV)(HDFO) 2+ is protonated to Th(IV)(H 2 DFO) 3+ .
Results

Discussion
Thorium(IV) was adsorbed on P. fluorescens and B. subtilis, while DFO was not adsorbed on them, indicating that the Th(IV)-DFO complex dissociated during the adsorption of Th(IV) on the cells. This finding is in agreement with the result of the Eu(III) adsorption on P. fluorescens cells in the presence of DFO: the Eu(III)-DFO complex dissociated and only Eu(III) adsorbed on P. fluorescens cells. 10 We did not analyze the DFO concentration in the Pu(IV)-DFO complex solution because of analytical constrains. The decreasing tendency of Pu(IV) adsorption on P. fluorescens cells with an increase of DFO concentration (Figure 2 ) suggests that the surface of P. fluorescens cells competes with DFO for Pu(IV). This finding indicates that the affinity of hydrated Pu(IV) with bacterial cells is higher than that of the Pu(IV)-DFO complex, suggesting the dissociation of the Pu(IV)-DFO complex during the Pu(IV) adsorption.
In Figure 1 , adsorption of Fe(III) and Eu(III) on P. fluorescens cells in the presence of DFO is shown. The lines are illustrated based on published data. 10 Adsorption of Fe(III) on P. fluorescens is significantly smaller than that of Th(IV) and Pu(IV). Europium(III) adsorption is higher than those of Th(IV) and Pu(IV). Stability constants of the metal-DFO complexes decrease in the order of Pu(IV) (log K = 30.8) 5 > Fe(III) (log K = 30.6) 18 > Th(IV) (log K = 26.6) 19 > Eu(III) (log K = 15). 6 Adsorption density of Eu(III), Th(IV), and Pu(IV) on P. fluorescens cells decreased in the order Eu(III) > Th(IV) > Pu(IV), which corresponds to the increasing order of the stability constant of the DFO complexes. Adsorption of hydrated Eu(III) on P. fluorescens cells does not change significantly at pH 3-8, 20, 21 indicating that affinity of P. fluorescens cell surfaces with metal ions is not changed significantly at these pHs. These facts indicate that pH dependence of adsorption density of metal ions on cells is dominantly controlled by the stability of the metal-DFO complexes. Chemical speciations of metal-DFO complexes are protonated or deprotonated depending on the solution pH, leading to a different adsorption density of metals on the cells. Three hydroxamate groups in DFO bind Eu(III) above pH 8.1. 10 higher adsorption of Eu(III) on cells at acidic pH. 10 The Th(IV)-DFO complex is successively protonated or deprotonated with a change of pH. In Th(IV)(HDFO) 2+ , Th(IV) is coordinated with three hydroxamate groups of DFO wherein amine group is protonated. An increase of pH above 7 results in the deprotonation of amine and the change of Th(HDFO) 2+ to Th(IV)(DFO) + . On the other hand, Th(IV)(HDFO) 2+ is protonated to Th(IV)(H 2 DFO) 3+ with decreasing pH below 4 ( Figure  4b ), leading to the dissociation of bonds between the hydroxamate group and Th(IV). Stability of the Th(IV)-DFO complex decreases in the order of Th(IV)(DFO) + > Th(IV)(HDFO) 2+ > Th(H 2 DFO) 3+ , resulting in higher adsorption of Th(IV) at lower pH. On the other hand, chemical speciation of the Fe(III)-DFO complex does not significantly change at pH 3 -9, resulting in the constantly low adsorption density within the pH range examined.
Adsorption of Pu(IV) on P. fluorescens cells was greater than that of Fe(III) (Figure 1 ), though stability constants of the Fe(III)-and Pu(IV)-DFO complexes are comparable. Ferric iron in a cyclic trihydroxamate siderophore, desferrioxamine E is fully encapsulated, being coordinated with 6 oxygen atoms from 3 hydroxamate groups. 22 On the other hand, Pu(IV) in a desferrioxamine E is coordinated with 9 oxygen atoms from 6 oxygen atoms in 3 hydroxamate groups on one side of Pu(IV) and 3 oxygen atoms from 3 water molecules from the other side 23 because of its larger ionic radius. 24 These facts suggest that structure of DFO complex may affect adsorption of metals on bacterial cells. Functional groups on the cell surface would easily access Pu(IV) in DFO from the side coordinated with water molecules than Fe(III) in DFO. Similarly, Th(IV) with the large ionic radius 24 would be coordinated to DFO from its one side, allowing functional groups of the cell surface easily to access Th(IV) from the other side, resulting in the subsequent Th(IV) adsorption.
pK a values and concentrations of proton binding sites are almost identical in P. fluorescens and B. subtilis cells (Table  1 ). Lipopolysaccharide in the outer cell membrane of Gramnegative bacteria contains carboxyl groups and phosphate groups. 25 Peptidoglycan, a proposed structure of surfaces of Gram-positive bacteria, also contains carboxyl and phosphate groups in their structure. 25 We assigned acidic and neutral functional groups of bacterial cell surfaces to carboxyl and phosphate groups, respectively ( Table 1 ). The basic group on bacterial cell surfaces is assigned to amine functional group, found as a component on bacterial cell surfaces. 25 Although the structure and chemical composition of the bacterial cell surfaces are not identical in the Gram-negative and the Grampositive bacteria, P. fluorescens cells and B. subtilis cells show similar proton binding properties to each other. It is also reported that a wide range of bacterial species, such as Gramnegative bacteria, E. coli and P. aeruginosa, and Gram-positive bacteria, B. subtilis and Streptococcus faecalis, show comparable pK a of surface functional groups and their concentrations. 26 However, P. fluorescens cells had a higher affinity with Th(IV) and Pu(IV) than B. subtilis cells (Figure 1) , indicating that the affinity of bacterial cell surfaces with tetravalent actinides is not completely correlated with their affinities with proton.
P. fluorescens and B. subtilis adsorbed Th(IV) and Pu(IV) in the presence of DFO from solution. Thorium(IV) and Pu(IV) are adsorbed on bacterial cells as a dissociated ion. DFO forms strong complexes with tetravalent actinides, whose stability constants are comparable to that of the Fe(III)-DFO complex. However, adsorption behavior of tetravalent actinides on cells in the presence of DFO is controlled by not only the stability constant of the DFO complexes but also chem-ical speciation and structure of cell surfaces. Microorganisms in the environment have the potential to affect the movement of tetravalent actinides-DFO complexes by adsorption on their cells.
